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Abstract

The modern theoretical status of magnetic monopole and experimental limits on the
monopole mass are considered. We use two-photon production of monopole-antimonopole
pair as instrument in estimation of quality for the search for magnetic monopole at accelera-
tors. In the assumption that the monopole spin is equal 0,1/2,1, the monopole-antimonopole
pair production cross section by this mechanism at LHC energies is estimated and analyzed.

As am example, for monopole spin is equal 1/2 the comparison of the vy production total
cross section for monopole-antimonopole pair and Drell-Yan total cross section at Tevatron
energies is presented. In the case 7 pair production mechanism a mass limit M > 455 GeV
for elastic pp scattering is set. We argue that all mass limits have not any sense based on
quasitheoretical consideration up to now. Only experimental bounds are to be used as real
indicator of our modern knowledge on monopoles.

1 Introduction

One of the outstanding questions in modern physics is the magnetic monopole problem.
This problem has a very long history. The military engineer Pierre de Maricourt [1] in 1269
year was breaking magnets tried to separate their poles. In 1894 year P. Curie [2] assumed the
existence of single magnetic poles. At last, after birth of quantum mechanics in 1931 Dirac [3]
proposed that particles carrying magnetic charge, or magnetic monopoles, should exist. Dirac
showed that the phase unobservability in quantum mechanics permited singularities manifested
as sources of magnetic fields, just as point electric monopoles were sources of electric fields. This
was only possible if the product of electric and magnetic charges was quantized. He established
the basic relation between the elementary electric charge e and the basic magnetic charge g

eg = %hc,wheren::tl,:tz.... (1)
The minimum value of the quantization number is n = 1 according to Dirac or n = 2 according
to Schwinger [5]. However, if the elementary electric charge is considered to be held by the quark
then these magnitudes become n = 3, 6, respectively. Within this approach, for n = 1 and the
basic electric charge of the electron, the theoretical minimum magnetic charge is gp = 1/2e ~
137¢/2 = 68.5¢, known as the Dirac magnetic charge. It should be emphasized that magnetic
charge, like electric charge, is absolutely conserved, so the lightest magnetically particle is stable,
unless annihilated by its antiparticle.
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Let us note that the fact of the electric charge quantization is observed with the best accuracy
in physics. The experimental expression of the quantization of electric charge is [4]

’Qe+Qé’<4 |Qp+Qﬁ|<1X10_s’\Qp+Qe|
e e e

x 1078, <1x1072% (2)
where ., @, are electron and proton charges, Qz, Q5 are positron and antiproton charges, and
e is the electron charge magnitude.

Since the quantization of electric charge in nature is well established but still mysterious,
the discovery of just a single monopole would provide a much wanted explanation. Besides
explaining the quantization of electric charge, the existence of magnetic charges and of magnetic
currents results in the dual symmetrization of Maxwell’s equations, and is not forbidden by any
known principles of physics.

However, further theoretical development of this idea encountered difficulties. As Dirac’s
theory involves the singularity line with nonphysical dynamical variables, then Schwinger [6]
developed the field theory of electric charges and monopoles excluding the string. It is based on
Hamiltonian density expressed nonlocally in terms of field variables. Zwanziger [8, 9] elaborated
the local Lagrangian formulation of this theory by using canonical quantization procedure and
obtained Feynman rules. However, the use of this formalism in calculations seems problematic,
because the coupling constant oy ~ 34.25n2 is large and the matrix elements depend explicitly
on a space-like vector corresponding to Dirac singularity line [7, 10, 11, 12].

But, after 1974, the monopole problem received the great impetus from 't Hooft and Polyakov
works [13, 14]. They independently discovered monopole solutions in the SO(3) Georgi-Glashow
model. Then it was demonstrated that any scheme of Grand Unification with the electromag-
netic U(1) subgroup embedded into a semi-simple gauge group, which becomes spontaneously
broken by Higgs mechanism, possessed monopole solutions. At the same time there were some
announcements of magnetic monopole discovery [15] - [17]. In the further, these events have not
proved to be true at longer expositions.

The monopoles of the standard Grand Unification must have a mass of the order of the uni-
fication scale 10'7 GeV and therefore cannot be discovered at the current or future accelerators.
They could only be produced in the first instants of our Universe and should be searched for
in the penetrating cosmic radiation. The most recent search for GUT monopoles in the cosmic
radiation was performed by the MACRO detector, using three types of subdetectors (liquid
scintillators, limited streamer tubes and nuclear track detectors) [18].

However, in the series of the works (for example [19, 20]) a number of authors showed
that the unification scale can be significantly lowered (perhaps even to the TeV scale) through
appearance of extra dimensions. Thus, in the models of the Grand Unification the monopoles of
masses which can be produced at modern accelerators, without contradictions with slow proton
decay [20] can possibly exist.

In conclusion of this section let us underline that the explanation of the quantization of
electric charge due to Dirac remains most attractive now. Thus, all these facts stimulate the
further experimental search for the magnetic monopoles.

2 The experimental limits on the monopole mass

So, the experimental search for magnetic monopoles at accelerators [21] - [25] and in the
penetrating cosmic radiation[18] is continued and will continue.

The magnetic monopoles in the modern multipurpose detectors, such as DO and CDF (Teva-

tron), H1 (HERA) or constructing ATLAS and CMS (LHC) can be searched by different ways.
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Since the magnetic charge g is large then the monopole makes strong ionization of substance
like a heavy nucleus. As we mentioned before he theoretical minimum magnetic charge is
gp = 1/2e ~ 137¢/2 = 68.5e. Such a magnetic monopole will make ionization of substance ap-
proximately like the thulium %9Tu, but it will go differently in magnetic field. Another method
of searching for the monopoles is looking for trapped and bound magnetic monopoles in var-
ious accelerator and detectors samples at the time of reparation work[22]. Trapped magnetic
monopoles can be draft by magnetic field and registered by the jump of the magnetic field in
the SQUID (superconducting quantum interference device) with the passage of the monopoles
through it. The main problem of this method to obtain a good screening from external magnetic
fields.

Such monopole searches have been realized at Tevatron in pp - collisions [23] and HERA
[25] in eTp-collisions. In the experiments at Tevatron it was used the Drell-Yan monopole-
antimonopole pair production and the method suggested Ginsburg and collaborators . The main
idea of this method is based on observation that the interaction strength between monopole and
photon is very strong and could give rise to photon-photon rescattering via virtual monopole
loop. First there was in 1998 DO group search for the virtual production of monopoles [21],
based on the theory of Ginzburg and collaborators [26] - [29]. In 2000 and 2004 results from an
experiment (Fermilab E882) searching for real magnetically charged particles bound to elements
from the CDF and DO detectors were reported [22, 23]. The strongest direct experimental limits,
from the CDF collaboration, have been obtained in 2005. Less strong, but complementary,
limits from the H1 collaboration at HERA were published in the same year [25], using the other
mechanism for magnetic monopole production. The absence of the monopole signal on the basis
of assumptions about the monopole pair production mechanisms is treated as limits on the mass
and production cross section of Dirac monopole. The most recent limits on the monopole mass
are given Fig.1

[ HERA \ [ Tevatron \ [Tevatron, CDF Run II\

Direct search, Drell-Yan pair

Di h
Irect searc Experiment E-882

production mechanism
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=3, M > 325 GeV
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Figure 1: The modern experimental limits on the monopole mass

It is seen from Fig.1 that in these different accelerators and detectors close limits on the
monopole mass of order several hundred GeV are obtained. In this table we don’t include the
limits on the Dirac monopole mass which was obtained at the Tevatron (DO collaboration) from
the analysis of the process for vy production via virtual monopole loop [21], because they are
strongly criticized and questioned now [30, 31, 32]. Also let us mention about interesting indirect
limits on monopole mass from experimental data on electron electric dipole moment [34].

It should be emphasized that if GUT monopole have the small mass of order TeV then it does
not differ from Dirac monopole by its detection characteristics in the mentioned experiments.
Therefore, from the present experiments at accelerations the limits on the mass of magnetic
monopoles of any nature are followed.
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3 Two-photon production of monopole—antimonopole pair

At present only Drell-Yan mechanism for magnetic monopole pair production was usu-
ally used for search for magnetic monopoles expect in the HERA experiment. We would like
to propose other alternative mechanism for magnetic monopole production. It is two-photon
production mechanism.

Schematic diagrams for these two mechanisms are given on Fig.2 and Fig.3,6. They give
very rough indication of cross section values because strong interaction between monopoles and
photon.

N2
SN,

Figure 2: Schematic diagram for Drell-Yan monopole antimonopole pair production mechanism
(monopole spin s = 1/2).

Figure 3: Schematic diagram for monopole antimonopole pair 7y production mechanism
(monopole spin s = 1/2).

Figure 4: Schematic diagram for monopole antimonopole pair vy production mechanism
(monopole spin s =0, 1).

For the general case of two-photon collisions the cross section for the reaction A; Ay —

A} Ay Xy in a very good approximation can be factorized into the photon spectrum f, /,(z) and
the cross section of the photon-photon interaction process 7y — Xy, where Ay, A> are the
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initial particles, A}, A% are their final states after the photon emission, and X is the final state
produced in photon—photon collision [35].

Thus, in our case the total two-photon production cross section for monopole-antimono-pole
pair is written as

1 1
O'pp_)MH(S) = / dzl/ dZva/p(zl)fw/p(ZQ)aw(é\: 21228), (3)
4M?2/s 4M?2/s
Vs =14 TeV, M is a monopole mass.
In this paper we consider the case of elastic production. In the case of nonelastic production
the cross section is even larger. But, we don’t consider it here. For elastic photon spectrum
¢, (z) for pp we use an approximate analytic expression given in [36] which is known to repro-

v/p
duce exact results to about 10%. The form we use is given by

11 3 3 1
frip(2) = 2—(1+(1—z))lnA—€+A @‘l‘@, (4)
where
71 2
A= 4 LGV (QGQV) , (5)
and

1
min = —2mj, + %% [(S +m2)(s —zs+m2) — (s — m?))\/(s — 28 —m2)? —4m2zs|. (6)

At high energy Q2. is given to a very good approximation by m?,z2 /(1= 2).

Because the monopole-photon coupling is large and the theory non-perturbative, there is
no universally accepted field-theoretic calculation of magnetic monopole production. But, for
electron-monopole scattering this cross section differs from the Rutherford one for electron-
electron scattering by the replacement (see[32, 37])

€ g
- — =, 7
i (7)

Perhaps, monopole interactions with matter, such as scattering or annihilation, require only
a replacement of electric charge with the monopole’s effective charge g3 (where [ is the velocity
of the monopole).

In our calculations we consider an n = 1 monopole with mass up to 2 TeV, spin s =0,1/2,1
and we make the naive replacement e — ¢ in the total cross section for pair production of
magnetic monopoles via vy~ fusion. o

Thus, the total cross section O s M for the subprocess v — MM for monopole spins
s =10,1/2,1 may be written respectively as

o—gvo( 3) = 95 [2 - _ﬁﬁ4 In G jg)} , (8)
aSSV2(5) = ﬁ [3 664 n Gfg) 2+52} : (%)

and

(10)

_ ma; 1-— B 1+p 22 — 942 + 334
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where
a0y = @F,  B=1-25, (11)
As is well known (for example [32]), if the cross section were dominated by a single partial
wave of angular momentum J, the cross section would be bounded by

oy < 4%(2J +1) (12)

Comparing this with the our cross sections given above (8)-(10), we obtain at large values 3
that these cross sections violates unitarity relation. At the same time, at small values § the cross
section (8)-(10) satisfy the unitarity relation. Because at small values 3 we effectively reduce a
value of the coupling constant of a photon to a monopole ay (see (11)). It means that we need
to use some kind of form—factor Fry (S) depending on energy for y—monopole interaction.

We need to impose following restrictions on form-factor F(3)

Fiw (a2 <1 (13)

that our cross sections satisfy the unitarity relation.

Unfortunately this form—factor cannot be obtained theoretically now. In this paper for us it is
enough to use as form—factor the number 0.17 at each g for an estimation two-photon production
cross section for monopole-antimonopole pair. In the result, we have no any contradiction with
unitarity for yy—processes for all values 3, but underestimate cross sections.

It should be emphasized that one will have a similar situation for Drell-Yan monopole -
antimonopole production mechanism with following condition

F3y(3)ay < 1. (14)

It is seen from Fig.7 that total two-photon production cross section for monopole-antimonopole
pair O pps M quickly decreases with the increase of the monopole mass. Also from Fig.7 one
observes that cross sections for pair production of magnetic monopoles via vy fusion grow with

spin value.

s=0

o(Ppp—MM) |____g=q2| n=1 73

Cross section, pb

200 400 600 800 1000 1200 1400 1600 1800 2000

Monopole mass, GeV
Figure 5: The comparison total vy production cross section for monopole antimonopole pair as
function monopole mass for monopoles of spin s = 0,1/2, 1.

It is not excluded that for the different spin monopoles the reasons of discrete P— and C-
symmetries can strongly inhibit the Drell-Yan pair production mechanism [38] or our mechanism.
However, such reasons can leave without the significant changes one of two possible mechanisms.
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So, two-photon mechanism for production of monopole-antimonopole pair must be taken
into consideration using of the two-photon production of monopole-antimonopole pair simulta-
neously with Drell-Yan production mechanism will reflect more precisely the search for magnetic
monopoles in the absence thereof the consistent quantum-field theory.

4 Monopole mass limit from two-photon pair production mech-
anism

As in CDF results [24] only Drell-Yan mechanism for magnetic monopole pair production
was used, we would like to estimate the influence of two-photon mechanism on mass limits.

Further, we will use the results and notations of the work [24]. In our calculations we consider
an n = 1 monopole with mass up to 1 TeV, spin s = 1/2 and we make the naive replacement
e — gf in the total cross section for pair production of magnetic monopoles via ~v fusion. In
our case the total cross-section o ;57 has a form (3), where 0., (5 = z1225) given by (9).

Let us underline that in this section we apply the scheme of calculation which was used
in [24]. In this approach we don’t use the unitarity condition for estimation of the total cross
section.

The comparison of the v production cross section for monopole-antimonopole pair and
Drell-Yan cross section at Tevatron energies is given in Fig.2. We find that v+ production cross
section for monopole-antimonopole pair even for elastic case is larger then Drell-Yann cross
section (Fig.6) for monopole mass up to 600 GeV, if one believes in perturbative estimations.

Cross Section [pb]
2

10'5 — Drell-Yan, s=1/2, ag= g’
10—6 --- Two-photon,s=1/2, ag= g

200 300 400 500 600
Monopole Mass [GeV]

Figure 6: The comparison of the v production cross section for monopole-antimonopole pair
and Drell-Yan cross section in pp-collisions at /s = 1.96 TeV.

Recently, CDF collaboration [24] found a mass limit M > 360 GeV for the Drell-Yan pair
production mechanism. For two-photon production mechanism we have a mass limit of 455 GeV
in idealized case of similar registration efficiencies for two mechanisms, as it follows from Fig.7.
This increase of mass limit is explained by the fact that the predicted two-photon total cross
section for monopole-antimonopole pair is larger then Drell-Yann cross section for monopole
mass up to 600 GeV.
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Figure 7: The 95% CL cross-section upper limit versus magnetic monopole mass (see [24]).
The dot line is a curve for Drell-Yan monopole pair production intersects at the mass limit
M > 360 GeV [24]. The dash line is our estimation for 7+ monopole pair production. It
intersects at the mass limit m > 455 GeV.

5 Conclusion

Magnetic monopoles are inevitable features of current unification theories. In some Grand
Unified scenarios values of monopole mass which can be produced at LHC energies are allowed.
While, the Dirac magnetic monopole does not have strict theoretical limits on the mass at
all. So, all this stimulates the experimental search for the magnetic monopoles at every new
accelerator.

It is necessary to take into consideration also the two-photon production of monopole-
antimonopole pair for the search for magnetic monopole at LHC. We analyze the total two-
photon production cross section for monopole antimonopole pair for spin monopole s = 0,1/2,1
at LHC energies. It is shown in duality approach, that the detection probability for monopole
in the case of two-photon production mechanism is comparable with Drell-Yan one and quickly
decreases with the increase of the monopole mass.

This new mechanism was investigated by us in pp-collisions at Tevatron energies (CDF). We
received the following results:

(a) vy production cross section for monopole-antimonopole pair is larger then Drell-Yann
cross section for monopole mass up to 600 GeV, in idealized case of similar registration efficiencies
for two mechanisms. The investigation of real registration efficiency for two photon mechanism
will be important for us only in LHC monopole search where Drell-Yan mechanism will have
own drawback.

(b) CDF collaboration for the Drell-Yan pair production mechanism have been found a mass
limit M > 360 GeV. In the case of the two-photon production mechanism we had a mass limit
M > 455 GeV. So, real comparison corresponding cross section with experimental ones does’t
give exact limits for monopole masses. It means that the real experimental results for monopole
mass is no more than 0,5 TeV that corresponds to the purely kinematical limits for monopole
appearance.
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